We aimed to optimize diffusion-weighted imaging (DWI) acquisitions for normal pancreas at 3.0 Tesla.
D
iffusion-weighted magnetic resonance imaging (DW-MRI) has increasingly expanded to abdominal organs thanks to newer technical developments. Diffusion-weighted imaging (DWI) can provide great details of functional and anatomic information that can be used in the differential diagnosis of abdominal pathological conditions. Investigators have recently reported that DWI can be utilized to detect pancreatic cancer (1, 2) and analysis of apparent diffusion coefficient (ADC) can help differentiate pancreatic masses (3−6) . The single-shot spin-echo echo-planar imaging combined with parallel imaging technique is commonly employed for pancreatic DWI studies. Breathhold DWI is the most common technique used for signal acquisition, especially on 1.5 Tesla (T) magnetic resonance (MR) system, because of its time efficiency. However, there are several disadvantages of breath-hold DWI, including poor signal-to-noise ratio (SNR), limited scan volume and significant artifacts (7, 8) . Respiratory-triggered and free-breathing techniques are also used for signal acquisition in pancreatic DWI studies. Compared to breath-hold, the advantages of respiratory-triggered and free-breathing techniques are higher SNR due to multiple signal acquisitions, larger scanning range and less artifacts; their main disadvantage being the longer scanning time (9). Additionally, techniques of fat suppression, such as chemical shift selective (CHESS) and short tau inversion recovery, are essential for DWI in the pancreas for improving the contrast ratio and contrast-to-noise ratio of lesions with respect to normal pancreatic tissues (1, 6, 10) .
Previously, most investigations were performed using 1.5 T MR scanners. Pancreas imaging using DWI with 3.0 T MR system needs to be further clarified and understood due to its increasing application, which may be a challenging task because of specific absorption rate and various artifacts from high sensitivity to magnetic field inhomogeneity and physiological movement (11) . The aim of this study was to investigate different DWI techniques to visualize normal pancreas using a 3.0 T MR scanner and determine the best image acquisition technique in terms of artifacts, SNR, and ADC.
Materials and methods
The institutional review board approved this study, and written informed consent was obtained from all subjects.
Study participants
From May 2010 to May 2013, 30 healthy volunteers (19 men and 11 women; median age, 49.5 years; 1 st quartile−3 rd quartile age, 37.5−58.5 years) were enrolled. Healthy adults aged 30−70 years were included; volunteers with circulatory diseases and history of long-term medication therapy were excluded.
Imaging protocol
All healthy volunteers were examined in the supine position with a 3.0 T MR scanner (Signa HDx, GE Healthcare, Milwaukee, Wisconsin, USA) using an abdominal surface coil. The following four DWI acquisition techniques using motion-probing gradient (MPG) pulses on X, Y, Z direction based on spin-echo echo-planar imaging sequence with b values of 0 and 600 s/mm 2 were utilized: breath-hold DWI, respiratory-triggered DWI, respiratory-triggered DWI with inversion recovery (IR), and free-breathing DWI with IR. The parameters for those four DWI acquisition techniques are outlined in ; matrix, 288×288 mm).
Image analysis
All pancreatic images from DWI were evaluated by two experienced radiologists (eight and seven years of experience in abdominal MRI, respectively) with reference to other sequences such as T1WI and T2WI. When the two radiologists disagreed, a senior radiologist (14 years of experience in abdominal MRI) was consulted. Images of 30 healthy volunteers were used for comparison of artifact scores, SNR, and ADC of normal pancreas among different DWI acquisition techniques. All investigators were blinded to the parameters used in DWI sequences.
Qualitative image analysis
Artifacts on all images were graded by two reviewers on a 4-point scale: 0, no artifacts; 1, mild artifacts (observable for DWI images and feasible for ADC measurements); 2, moderate artifacts (observable for DWI images and infeasible for ADC measurements); and 3, severe artifacts (unobservable for DWI images and infeasible for ADC measurements). Each slice (containing pancreatic tissues) of DWI images for each subject was graded and summarized, and mean artifact score was computed and recorded for each subject. The artifacts were categorized into the following three groups: (1), ghost/motion artifacts mainly from physiological movement around the pancreas, such as periodic and respiratory motion or gastrointestinal motility; (2), susceptibility or eddy-current induced artifacts, demonstrated as signal loss or distortion of structures at tissue-air interfaces; (3), radiofrequency inhomogeneity artifacts due to dielectric effect or eddy-current, such as the dark area on DWI images. The investigators also subjectively evaluated the image quality in terms of signal features and depiction of normal pancreas (blurry or sharp margins) on different DWI acquisitions.
Quantitative image analysis
Image processing was performed on a workstation (GE Medical Systems, ADW 4.3 version). A freehand region-of-interest (ROI, along the border of normal pancreas) was respectively drawn on the head, body, and tail of normal pancreas on different slices of different images obtained by DWI. The selected image contained the largest part of pancreas. Artifacts and main pancreatic duct were avoided. The SNR of the targeted pancreas was calculated for different DWI acquisitions according to the following equation: SNR=SI/SD noise , where SI is the signal intensity and SD is the standard deviation of background noise. The signal of background noise was calculated and averaged by respectively drawing three ROIs of approximately 1 cm 2 in an artifact-free part outside the abdominal wall on the phase direction. The SNR of normal pancreas for each subject was averaged from the SNR of pancreatic head, body, and tail. The ADC values of pancreas was automatically obtained from pixel-by-pixel calculation of pancreatic signal intensity using the fol- The ADC values of the head, body, and tail of pancreas were obtained through the correspondingly drawn ROIs. The ADC value of pancreas for each subject was averaged through ADC values of pancreatic head, body, and tail.
Statistical analysis
Statistical analyses were performed using SPSS for Windows, version 16.0 (SPSS Inc, Chicago, Illinois, USA). Nor- 
Results
Normal pancreas displayed homogeneous hypointensity and sharp margins on respiratory-triggered DWI with IR (Fig. 1) ; homogeneous hypointensity, but blurry margins on free-breathing DWI with IR (Fig. 2) ; heterogeneous signal intensity (low to high signal intensity), but relatively clear margins on respiratory-triggered DWI (Fig. 3) ; and heterogeneous signal intensity (low to high signal intensity), but relatively clear margins on breathhold DWI (Fig. 4) . However, distortion and absence of normal pancreas was often observed on breath-hold DWI.
Artifact scores showed statistical difference among different DWI acquisitions with b values of 0 and 600 s/ mm 2 by repeated measures ANOVA (P < 0.001). Lowest artifact scores for normal pancreas were obtained on respiratory-triggered DWI with IR, followed by free-breathing DWI with IR, respiratory-triggered DWI, and breathhold DWI (Table 2 ). Fisher's least significant difference test showed no significant difference between pairwise comparisons of artifact scores obtained on respiratory-triggered DWI with IR, free-breathing DWI with IR, and respiratory-triggered DWI; however, all three acquisition techniques yielded significantly lower artifact scores than breath-hold DWI (P < 0.001, P = 0.008, and P = 0.013, respectively). The SNR of normal pancreas was significantly different among different DWI acquisition techniques by repeated measures ANOVA (P < 0.001):
respiratory-triggered DWI yielded the highest SNR, followed by breath-hold DWI, respiratory-triggered DWI with IR and free-breathing DWI with IR ( Table 2 ). The SNR values were significantly higher on respiratory-triggered DWI acquisition compared with respiratory-triggered DWI with IR and free-breathing DWI with IR (P < 0.001, for both). Similarly, SNR values were significantly higher using breath-hold DWI compared with respiratory-triggered DWI with IR and free-breathing DWI with IR (P < 0.001). There was no significant difference between respiratory-triggered DWI and breath-hold DWI regarding the SNR of normal pancreas. Repeated measures ANOVA revealed significant differences in ADC values of normal pancreas among four different DWI acquisition techniques (P < 0.001): free-breathing DWI with IR yielded the highest ADC value, followed by respiratory-triggered DWI with IR, respiratory-triggered DWI, and breath-hold DWI (Table 2) . Respiratory-triggered DWI had significantly different ADC value of normal pancreas compared with free-breathing DWI with IR (P = 0.009) and breath-hold DWI (P = 0.007). Respiratory-triggered DWI with IR had significantly different ADC value of normal pancreas compared with breath-hold DWI (P < 0.001), but not with free-breathing DWI with IR (P = 0.896). Free-breathing DWI with IR had significantly different ADC value of normal pancreas compared with breath-hold DWI (P < 0.001).
Statistically significant differences in ADC values of the head, body and tail of normal pancreas were observed on each DWI acquisition by ANOVA (P < 0.05). The head of normal pancreas had the lowest ADC value compared with the body and tail of normal pancreas. The ADC values were statistically different between the head and tail of pancreas on each DWI sequence (P < 0.017), but not between the body and tail of pancreas. Statistically significant differences were observed between ADC values of the head and body of normal pancreas in images acquired on breath-hold DWI, respiratory-triggered DWI with IR, and free-breathing DWI with IR (P < 0.05), but not on respiratory-triggered DWI (Table 3) .
Discussion
Respiratory-triggered DWI with IR was determined to be the optimal acquisition for normal pancreas in this study, as it yielded the highest image quality and helped better depict pancreas using a 3.0 T MR system. It is extremely important to make normal pancreas appear dark (hypointense) on DWI by decreasing the signal intensity of normal pancreas using the IR technique, because hypointense normal pancreas produces the highest contrast ratio of pancreatic cancer to noncancerous tissues, facilitating tumor detection. Some investigators favor breathhold technique for pancreas (12, 13) . However, its image quality can be degraded by several factors, such as cardiac and respiratory motion, susceptibility artifacts at tissue-air interfaces, blurring due to a long readout interval, and any motion during the data collection period (e.g., peristalsis). Other investigators favor respiratory-triggered and free-breathing DWI combined with fat-suppression techniques because its image quality might be superior to breath-hold DWI owing to the enlarged scan volume and decreased artifacts in spite of its longer imaging time (1, 6, 14, 15) . The primary aim of IR pulse before MPG pulses was to lower the signal intensity of pancreas and suppress the signal intensity of surrounding fat at 3.0 T MR. The disad- vantage of DWI with IR technique was loss of SNR in pancreatic tissues. The SNR in breath-hold DWI and respiratory-triggered DWI without IR technique was higher than respiratory-triggered or free-breathing DWI with IR technique; SNR of the latter two could be improved by multiple signal acquisitions. The T1 relaxation time of the pancreas and fat at 3.0 T MR was measured as approximately 725 and 382 ms, respectively (16) . In order to minimize background noise and scanning time, 220 ms was used as the inversion time in this study. Furthermore, free-breathing DWI with IR and respiratory-triggered DWI with IR at a 3.0 T MR system could enlarge scan volume and reduce artifacts. Compared to breath-hold DWI, respiratory-triggered DWI, with or without IR, and free-breathing DWI with IR displayed the least artifacts on normal pancreas.
Artifacts of free-breathing DWI with IR were mostly from respiratory motion.
There are many factors that affect the signal intensity on DWI and affect measured ADC values, such as b values, magnetic strength, signal acquisitions, artifacts, cellular density, fiber content, the degree of blood supply or post-processing working stations (4, 17−20) . For normal pancreas, ADC values were different among different DWI acquisitions (except for respiratory-triggered DWI with IR and free-breathing DWI with IR) and on different parts of normal pancreas (except for the body and tail of pancreas) in this study. Breath-hold DWI yielded the lowest ADC values of normal pancreas, probably because respiratory motion could lead to pseudo-movement of water molecules. There was no statistical difference between ADC values of normal pancreas obtained by respiratory-triggered DWI with IR and free-breathing DWI with IR, which might be due to their similar effects on ADC measurements. Also, 220 ms of inversion time before MPG pulses at 3.0 T MR with the above IR techniques could cause an elevation of ADC values of normal pancreas. Both Braithwaite et al. (21) and Schoennagel et al. (22) reported heterogeneous ADC values among the pancreatic head, body, and tail regions observed using either a 1.5 T or 3.0 T MR scanner. However, Barral et al. (23) demonstrated a homogeneous ADC distribution among different pancreatic regions at 3.0 T, which is different from conclusions of our study. On all DWI acquisitions in this study, pancreatic head displayed the lowest ADC values compared with the pancreatic body and tail, which could be due to higher density of neuroendocrine cells distributed in the body and tail of normal pancreas.
This study had certain limitations. First, multiple b values were not used for each DWI acquisition technique; thus our results might be biased by the chosen b value if optimal b values are over 600 s/mm 2 . Second, CHESS was not utilized for fat suppression in this study. The main disadvantage of CHESS is its sensitivity to B 0 and B 1 inhomogeneities. The failure to suppress subcutaneous fat using CHESS induced multiple band-like and bright artifacts with high signal intensity on phase direction, which often covered the normal pancreas in this study. In contrast, the primary advantage of inversion-recovery technique for fat-suppression, including subcutaneous and pancreas-surrounding fat, lied in its ability to produce uniform suppression due to its strong insensitivity to B 0 and B 1 inhomogeneities. Additionally, inversion-recovery technique could be further used to partly and homogenously suppress the signal intensity of normal pancreas, which aided to detect pancreatic lesions. Third, the inter-and intraobserver reliability and consistency was not tested for qualitative and quantitative analysis among different DWI acquisitions. The main purpose of this study was to investigate and compare different DWI acquisitions of normal pancreas, but not the usefulness of a single DWI acquisition. Additionally, ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; BH, breath-hold; TRIG, respiratory-triggered; TRIGIR, respiratory-triggered inversion recovery; FBIR, free-breathing inversion recovery. a P < 0.05 for head and body of pancreas; b P < 0.05 for head and tail of pancreas.
the baseline of probable errors in qualitative and quantitative analysis among different DWI acquisitions might be similar, because all image grading and ROI-related measurements were performed by the same two experienced investigators and further verified by the same senior abdominal radiologist when necessary. Furthermore, all reade were blinded to the details of parameters on different images.
In conclusion, respiratory-triggered DWI with IR provides superior image quality for normal pancreas compared with the other three DWI techniques at a 3.0 T MR scanner. Normal pancreas demonstrates heterogeneous ADC values, with the pancreatic head showing the lowest ADC value.
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